Abstract: By generating stress conditions soil flooding can induce alterations in the cell metabolism and thus is detrimental to plant growth. This study was done under the greenhouse conditions to determine the effect of soil flooding on the chlorophyll fluorescence of some hybrids of canola (Brassica napus L.). Fifty five days old plants were subjected to flooding for six days. There was no difference in the parameters modulate chlorophyll fluorescence, in contrast, some the parameters related to the energy flux in photosystem II varied due to flooding stress. At the end of the six days, the performance indexes (PI total and PIABS) decreased, in all hybrids except in 'Hyola 420'. The difference kinetics of the chlorophyll a fluorescence transient showed different effects on different sites of the photosynthetic machinery. It could be concluded that compared to the other hybrids, 'Hyola 420' was less sensitive to flooding.
Introduction
All higher plants require water, but excess water in roots can cause injury and can be lethal due to blockage of gas exchange between soil and the atmosphere. The low oxygen diffusion through water coupled with its limited solubility leads to low oxygen availability (Sairam et al. 2008 ). One of the major strategies to improve crop yield is to understand the stress induced physiological and biochemical alterations, which can help develop genotypes that are highly productive even under unfavorable conditions.
Soil flooding is an environmental stress common in areas prone to river overflows, high rain fall, poor drainage and high fluctuations in the ground water level (Kozlowski 1997; Mielke & Schaffer 2010) . The physicochemical changes induced by flooding affect various aspects of plant physiology, morphology, and anatomy (Kozlowski 1997; Mielke & Schaffer 2010) . The major adverse effects are inhibition of seed germination, decreased root volume, reduced shoot growth, premature leaf senescence and plant death (Pezeshki 2001) . The low oxygen availability in soil influences survival, growth and productivity of terrestrial plants due to changes in the foliar gas exchange, nutrient absorption, and hormone balance (Kozlowski 1991) , and photosynthate transport and biomass production (Pezeshki 2001) .
The plant growth is directly related to photosynthesis characterized by the absorption of light energy by the photosystems and reduction of carbon dioxide. The photosystem II (PSII) is the most sensitive component of the photosynthetic apparatus that can be temporarily affected by environmental stress before the appearance of any apparent irreversible structural damage (Force et al. 2003; Panda et al. 2008) .
The analysis of the chlorophyll a fluorescence is considered to be a sensitive non-invasive, rapid and efficient method to detect and quantify the alterations induced in the photosynthetic apparatus, especially in the PSII (Strasser 1997; Yusuf et al. 2010; Mehta 2010; Papageorgiou & Govindjee 2011; Stirbet & Govindjee 2011) . It has been widely used to evaluate the environmental effects on the photosynthetic metabolism (Force et al. 2003 ) and also as a measure of plant response to the environmental factors, including abiotic stress (Panda et al. 2008) . The intensity of chlorophyll a fluorescence of photosynthetic organisms adapted of darkness follows a characteristic variation, known as "Kautsky effect". In the chlorophyll a fluorescence induction curve, all the reaction centers are open at the minimum intensity (F 0 ), while all of them are close at the maximum intensity (F M ). All the oxygenic photosyn-thetic materials investigated till date show an increase of the multiphase fluorescence consisting of a sequence of phases (OJ and IP phases) (Strasser et al. 2000) .
The fluorescence data can be analyzed by the JIPTest (Strasser & Strasser 1995) , which is a multiparametric analysis of the rapid increase of the OJIP fluorescence. This analysis provides information about the structural and functional parameters, which can be used to quantify the performance and activity of the photosynthetic apparatus (Yusuf et al. 2010) . The JIPTest is also used to evaluate the impact of stresses induced by factors such as high light intensity, low or high temperatures, ozone, drought, salinity and heavy metals (Yusuf 2010) .
The decline in the production of photochemical energy due to soil flooding affects photosynthetic efficiency because of the disturbances in the roots or directly in the shoot, and also due to the damages in the structures responsible for the photochemical phase of the photosynthesis (Allen et al. 1996) . Reactions in chloroplasts decrease as the results of reduced supply of PSII generated energy, which is required for subsequent photosynthetic process.
The oilseed canola belongs to the Brassicaceae family and is the third most cultivated oilseed, after soybean and palm, in the world. In Brazil Brassica napus L. var oleifera, occupies 30 thousand hectares, yielding about 37 thousand tons, and it present a potential for biofuel.
The objectives of this study were (1) to determine effect of flooding on the chlorophyll a fluorescence of canola, (2) to evaluate if the effect of the flooding about chlorophyll a fluorescence can explain the tolerance to flooding in canola plants under greenhouse.
Material and methods

Plant material and growth conditions
Seeds of canola (Brassica napus L.) hybrids 'Hyola 43', 'Hyola 401', 'Hyola 420' and 'Hyola 432' were sown in sand in 0.5 L plastic pots in a greenhouse and after emergence only one plant was left in each pot. The plants were supplied, at 2-days interval, with the nutrient solution (Hoagland & Arnon 1950) , at pH 6.0 to 6.5 starting seven days after emergence. The plants were irrigated daily with tap water, and 55 days after sowing the plants were subjected to six-days flooding by maintaining a tap water film of 2 to 3 cm above the substrate level. The plants not subjected to flooding served as control. The chlorophyll a fluorescence was determined on the first, second, fourth and the sixth day after flooding.
Chlorophyll a fluorescence transient and JIP-test
Chlorophyll a fluorescence transient (OJIP) was measured in the first fully expanded leaf between 8 to 9 hour in morning, with help of the portable fluorometer (Handy PEA, Hansatech Instruments, King's Lynn, Norfolk, UK). Before measurements, the leaves adapted for 30 minutes in dark to allow for complete oxidation of the photosynthetic electron transport system. The fluorescence emission was induced in a 4 mm diameter area by exposing to a saturating red actinic light at the intensity of 3.000 µmol m −2 s −1 . The fluorescence intensity was determined at 50, 100, 300 µs, 2 (FJ) and 30 ms (FI) and FM (maximum fluorescence). The fluorescence intensity data were used to calculate the parameters of the JIP-Test (Strasser & Strasser 1995) .
Modulated chlorophyll fluorescence in the light adapted state
The modulated chlorophyll fluorescence in the light adapted state were measured with the help of the portable modulated fluorometer (FMS2, Hansatech Instruments Ltd, King's Lynn, Norfolk, UK). The measurements were made in the morning at room temperature, in the same leaves used for determination of chlorophyll a fluorescence transient. The following parameters were measured: i. fluorescence intensity at the steady-state (FS), defined as the fluorescence intensity when the electron transport and the biochemical reactions of the coupled carbon reduction are in equilibrium; ii. maximum fluorescence at the light adapted stage (F M ), measured after applying a saturating red actinic light and iii. initial fluorescence at the light adapted stage (F0'). These data were used to calculate the maximum quantum yield of primary at the light stage (F V /F M ) and the actual quantum yield of primary photochemistry [ϕPS2
Statistic
The study was done in a completely randomized design, in a factorial arrangement 4 (hybrids) × 2 (hydric levels) 5 (evaluation periods) with 10 replications. After the analysis of variance the means were compared with use of Tukey test (P = 0.05).
Results
Chlorophyll a transient fluorescence: Normalizations and subtraction of transients in the plants at six days of flooding Fluorescence intensity and variable transient fluores-
] of chlorophyll a of the dark adapted leaves in the logarithmic scale of time period of 50 µs to 1 s are shown in Fig. 1A and Fig. 2B , respectively. All the curves have a typical OJIP shape (Strasser et al. 1999; Strasser et al. 2004 ) with varying maximum fluorescence, which suggests that all treatments were photosyntheticaly active (Tsimilli-Michael & Strasser 2008) . Additional normalizations and corresponding subtractions improved differentiation of hybrid, allowing determining the kinetic differences by revealing the bands between the steps O, J, I and P. The 
] in the linear scale between these two times periods ( Fig. 2A) and also as kinetic dif- (Fig. 2B) . Presence of positive L-band (at about 150 µs), in 'Hyola 43', 'Hyola 401' and 'Hyola 432' suggests a decline in the energy connectivity between the PSII units. The appearance of a L-band upon flooding flooding indicates a decrease in energetic connectivity due a decrease of 
grouping of the PSII units (Strasser & Stirbet 1998) . The grouping of PSII unit is less when the connectivity is low. Therefore, lower the connectivity, less is the optimal use of excitation energy, and less is the system stability ). This suggests that 'Hyola 420' did not lose energetic connectivity due to flooding.
The Fig. 2C shows normalized transient fluorescence data between the steps O (50 µs) and J (2 ms) as 
the functional antenna of PSII (Yusuf 2010) . Thus, the oxygen evolution complex of 'Hyola 420' was not inactivated.
To evaluate O-I phase, the chlorophyll fluorescence data were normalized as [V OI = (F t -F 0 )/(F I -F 0 )], because W OI < 1 permits evaluate the sequence of events that occur between exciton capture by PSII and the reduction of plastoquinone. There was no marked difference in the O-I phase among treatments (Fig. 3A) . To evaluate the I-P phase, two different procedures were used: a) normalization of the curves V OI ≥ 1 (Fig. 3B) that permits evaluate the sequence of events of the electron transport from the reduced plastoquinone (plastoquinol -PQH 2 ) to the final electron acceptor of PSI; and b) the normalization as [V IP = (F t -F I )/(F M -F I )] (Fig. 4A ) using the linear scale between 30 and 300 ms. By both procedure, only hybrid, but not flooding, differences could be identified. The maximum amplitude of the fluorescence increase in the I-P phase reflects the pool size of the final electron acceptors of PSI (Yusuf et al. 2010 ). Thus, 'Hyola 43' independent of the flooding stress, showed a greater pool of final electron acceptors in PSI. In the Fig. 4A (V IP ) , the normalization permits increase of the maximum amplitude to the unit values, allowing for an easy comparison of reduction rates of the end electron acceptors' pool. When V IP = 0.5 (dotted line) is defined as half life, and the inverse of the half life is the overall rate constant of the pool reduction of the final electron acceptor of PSI (Yusuf et al. 2010) , then 'Hyola 43' and 'Hyola 420' have lower constant of the global rate of reduction of the final electron acceptors of PSI. The comparison between the Fig. 3A and Fig. 3B indicates that the regulation of this overall rate constant was dependent on the regulation of the pool size of the final electron acceptors on the acceptor side of PSI, only in 'Hyola 43', independent of the flood stress, whereas in 'Hyola 420' it was dependent only on the overall rate constant of these acceptors.
Chlorophyll a transient fluorescence: PSII biophysical parameters derived by the JIP-Test equations
An increase of transient chlorophyll fluorescence is the direct measure of the photosynthetic behavior of PSII, and provides information about the physiological differences between the hybrids and the flooding effect. The JIP-Test parameters evaluated in this study are 
the efficiency with which an electron can move from reduced plastoquinone (plastoquinol, PQH 2 ) to the PSI end electron acceptors There was significant, hybrid and flood duration depended, variation in the hybrid response regarding specific fluxes towards the reaction center (RC). In 'Hyola 43 and 420', the variation in the parameters that describe specific energy flux per RC was small (Note: in the JIP-test we use the abbreviation RC only for the active, in the sense of Q A reducing, reaction centres of PSII). However, on the first day of flooding, only in 'Hyola 432', there was decrease in specific energy fluxes: a) the ABS/RC -the absorption flux per RC, which indicates the apparent size of the antenna system of PSII, e.g. completely active quantity of absorbing chlorophyll per RC; b) TR 0 /RC -the flux of trapping energy per RC in t = 0; c) ET 0 /RC -flux of electron transport from Q − A to PQ per RC in t = 0; d) DI 0 /RC ratioflux of dissipated energy per RC in t = 0; e) RE/RCflux electron transport from PQ reduced to the PSI electron acceptors per RC in t = 0 (Fig. 5) . On the fourth day after flooding, in 'Hyola 432' and on the sixth day in 'Hyola 401', these parameters increased, being more pronounced for DI 0 /RC ratio in 'Hyola 432'.
The performance index (PI ABS ) (Strasser et al. 1999; Strasser et al. 2004 ) is a combination of three partial components (which are combined measures of partial performances that favour photosynthetic performance), that describe, a) the quantity of photosynthetic RCs (RC/ABS); b) the maximum energy flux 
However, Tsimilli-Michael & Strasser (2008) introduced one more component to this equation that describes the oxy-reduction reactions occurring on the side of the electron acceptor of PSI, and proposed the term 'total performance index' (PI total ) described by the formula:
PI ABS and PI total are products of terms expressing "potentials" at each energy bifurcation from exciton to PQ reduction and to the reduction of PSI end acceptors.
All components of the PI ABS and PI total , differed among hybrids, especially after the flood duration of six days (Fig. 5) . The difference was more pronounced in 'Hyola 401' in which all components participated in the decline of PI total , while in 'Hyola 432' the components that describe the oxy-reduction reaction of PSI did not affect PI total . The PI ABS and the PI total , did not show high variations due to flood duration in 'Hyola 420'. Although 'Hyola 43 and 401' showed similar tendency of decrease relative to the control on the first, second and sixth day after flooding, on the fourth day these were similar to the control. In 'Hyola 432' PI ABS and PI total started to decrease from the fourth day after flooding.
Modulated fluorescence of chlorophyll a in the light adapted state The F V /F M ratio (maximum primary photochemical quantum yield in the light adapted state) in 'Hyola 43' decreased between the first and the second day after flooding, and then increased on the fourth day and then declined significantly on the sixth day (Fig. 6A) . On the other hand, in 'Hyola 401' there was a small decline in the in flooded plants (Fig. 6B ) and in 'Hyola 420' (Fig. 6C) there was an increase in flooded and nonflooded plants during the entire experimental period. On the other hand, in 'Hyola 432' (Fig. 6D ) it increased only after the fourth day of flooding.
The other parameter of the modulated fluorescence is the yield of the primary photochemical quantum in the light adapted state (ϕ PS2 ), which occurs in leaves adapted to light e.g., when the photosynthetic process is active. This parameter represents the actual quantum yield of a leaf indicating the fraction of the light absorbed by the chlorophyll associated with the PSII activity and used in the photochemical process. The data in the Fig. 7 , show that ϕ PS2 had behavior similar to F V /F M of PSII (Fig. 6) , in all hybrids and in both treatments.
Discussion
The detrimental effect of flooding on plant growth and development is related to several intrinsic factors acting simultaneously or independently. These interactions may be linked, for example, to the concomitant effect of low oxygen and high carbon dioxide concentration in the roots and high ethylene production that directly affects shoot and root development. Although many plant species can tolerate such conditions and even survive extreme flooding (Bailey-Serres & Voesenek 2008), there is very high intra-species variation. In some species there is formation of aerenchyma of low resistance to gas diffusion (Evans 2004) , or the formation of adventitious roots reduces oxygen deficiency in the root system, as observed in the flooded canola plants in this study.
The JIP-test revealed that the flooding also did not induce variations in the chlorophyll fluorescence parameters, especially those related to the yield/efficiency (ϕ Po ,Ψ Eo , ϕ Eo , ϕ Do ,ϕ Ro and δ Ro ) (Fig. 5) . But, the parameters describing the specific energy flux by the RCs differed among hybrids, highlighting large dissipation of energy (DI 0 /RC ratio) in 'Hyola 432'. According to Christen et al. (2007) , the DI 0 /RC is the difference between absorbed and trapped energy (DI 0 /RC = ABS/RC -TR 0 /RC).
The PI ABS is a fluorescence parameter that provides complete and quantitative information about vitally plant. It has been shown in several studies that this parameter also allows estimate plant vitality in response to the environmental stress, and thus permits genotype grouping according to stress tolerance (Strasser et al. 1999; Strasser et al. 2004 ). TsimilliMichael & Strasser (2008) introduced the concept of PI total , which in the dark adapted intact leaves includes partial "potential" for energy conservation, and is closely related to the final result of photosynthesis, such as growth or survival under the stress conditions (Yusuf et al. 2010) . In the present study PI ABS and PI total declined, depending upon the flood duration and especially on the hybrid, with exception of 'Hyola 420' in which none of the PI declined due to flooding, which suggests that the photosynthetic activity was not affected by flooding stress.
The analysis of the kinetic of the fluorescence curves ( Fig. 1-4) shows appearance of L-band (Fig. 2B ) and K-band (Fig. 2D) in 'Hyola 420' under flooding.
The L-band is influenced by the energy transfer between PSII units, showing grouping (Strasser & Stirbet 1998 ). This grouping is known to be sensitive to tylakoids stacking and de-stacking (Strasser 1981) . Thus, the ability of 'Hyola 420' to resist flood stress could be associated to better grouping of the active PSII units and even to the maintenance of the tylakoids membrane structure. Panda et al. (2008) showed that the connectivity between the antenna systems of PSII in rice is highly sensitive to flooding, and it can be used to indicate the degree of susceptibility or tolerance to stress.
The appearance of K-band (at about 300 µs) is common under certain stress conditions, especially of high temperature and drought (Srivastava et al. 1997) . It is associated with the disequilibrium between electron donor and acceptor sides of PSII (Strasser 1997) , thus is linked to the disassociation of the oxygen evolution complex (De Ronde et al. 2004 ). Oukarroum et al. (2004) suggested that the appearance of L-and Kbands can be a good indicator to identify the physiological disturbances before the appearance of the visual damage caused by the stress. Thus, more pronounced L and K bands in 'Hyola 43', 'Hyola 401' and "Hyola 432' suggest that these hybrids are more sensitive to flooding than 'Hyola 420'.
This study shows that the hybrids of B. napus respond differently to flooding. There was no difference in the parameters modulate chlorophyll, in contrast to the parameters related to the specific energy flux that varied due to flooding stress. The performance indexes (PI total and PI ABS ) decreased, in all hybrids except in 'Hyola 420'. The difference kinetics of the chlorophyll a fluorescence transient showed different effects on different sites of the photosynthetic machinery. The hybrid 'Hyola 420' was less sensitive to flooding compared to 'Hyola 43', "Hyola 401' and "Hyola 432'.
